A model is presented for the chemical mixing of stratospheric air over spatial scales from tens of kilometers to meters. Photochemistry, molecular diffusion, and strain (the stretching of air parcels due to wind shear) are combined into a single one-dimensional model. The model is applied to the case in which chemically perturbed air parcels from the Antarctic stratosphere are transported to mid-latitudes and strained into thin ribbon-like filaments tmtil they are diffusively mixed with the ambient stratosphere. We find that the parcels may be treated as evolving in chemical isolation tmtil the final mixing. When parcels reach a transverse thickness of 50-100 m in the lower stratosphere, they are rapidly dispersed by the combination of molecular diffusion and strain. The rapidity of the final mixing implies a lower limit to the vertical scales of inhomogeneities observed in the lower stratosphere. For this sensitivity study we consider four types of Antarctic air: a control case representing unprocessed polar air; heterogeneous processing by polar stratospheric clouds (PSCs) that has repartitioned the CI,, and NOy families; processing that also includes denitrffication and dehydration; and all processing plus 90% oz6ne depletion. Large abtmdances of C10, resulting initially from heterogeneous processing of stratospheric air on PSCs, are sustained by extensive denitrification. (One exception is the case of Antarctic air with major ozone depletion in which C10 is convened rapidly to HC1 upon release of small arnotrots of NO,, as a result of the extremely nonlinear CI,,-NOy chemical system.) C10 concentrations in the mid-latitude stratosphere should be enhanced by as much-as a factor of 5 due to the mixing of air processed around the Antarctic vortex and will remain elevated for most of the following season. Chemical propagation of the Antarctic ozone hole occurs in two phases: rapid loss of ozone in the heterogeneously processed parcels as they evolve in isolation, and more slowly, a relative recovery of ozone over the following months. Another important effect is the transport of denitrffied Antarctic air reducing NO,, and hence the total catalytic destruction of ozone throughout the southern mid-latitudes. In Antarctic air that has already been depleted of ozone within the vortex, little additional loss occurs during transport, and the propagation of chemically perturbed air acts partially to offset the deficit at mid-latitudes caused by dynamical dilution of the ozone hole. In air which has not experienced substantial ozone loss, chemical propagation can generate a net ozone deficit of order 2-3% at mid-latitudes.
INTRODUCTION 1988; Polar Ozone Workshop, 1988]; in particular, much of
The appearance of a hole in the stratospheric ozone layer the chlorine has been convened to highly reactive forms such over Antarctica [Farman et al., 1985; Stolarski et al., 1986 ] as C10. Air parcels from the Antarctic lower stratosphere that has prompted a range of theoretical investigations on the origin are spun off from the vortex and reach mid-latitudes therefore of this phenomenon and its implications for ozone globally. contain not only an ozone deficit but also significant In particular, questions have been asked about the impact of perturbations to the chlorine and odd-nitrogen compounds. this ozone deficit throughout the southern hemisphere The persistence of this chemical signature in these parcels, and mixed on the smallest scale resolved by the model, typically
In order to handle realistic wind fields, the concept of strain greater than 2 km vertically and 1000 km horizontally. must be introduced. We no longer must know the structure of Perturbations to stratospheric chemistry over Antarctica are the wind field relative to the orientation of the fluid parcel, but associated with reactions on polar stratospheric clouds (PSCs, instead require that the velocity field changes in a quasisee McCormick and Trepte [1986] ): chlorine is converted to random manner over the space and time scales of interest (i.e., reactive forms, and sometimes water vapor and odd nitrogen the "white noise" field of Kraichnan [1974] ). The theory of are both removed by precipitation [Toon et al., 1986 The magnitude of ozone depletion within the vortex depends altitude). If such a large value were typical of random strain on details of the chemical perturbation, particularly on all scales, then chemically distinct air parcels would rapidly denitrification [Salawitch et al., 1988 ]. In our model the thin to sizes below any measurable threshold in less than a extent of denitrification controls the time scale for day; however, this large shear is most effective in stretching photochemical recovery in the air parcels spun out from the the planetary scale dimensions of a parcel. The vertical vortex. The catalytic destruction of ozone is driven by high gradient of the zonal wind does not produce a random strain concentrations of C10; the process is terminated either by this with exponential decay of parcel thickness, but rather leads to photochemical recovery or by diffusive mixing with thinning of parcels with a geometric limit: a parcel of unperturbed air. Additional photochemical loss of ozone at indefinite vertical extent and a horizontal scale of 1000 km mid-latitudes is greatest for those parcels that have been will be stretched rapidly to a thickness of 5 km in 2 days, but chemically processed by PSCs but transported to mid-latitudes will take 10 days to reach a thickness of 1 km. Therefore a before experiencing the large depletions associated with the uniform wind shear can rapidly reduce planetary-scale features, Antarctic ozone hole. This in situ loss of ozone complements but random strain in the wind field is necessary to reduce the depletion of ozone at southern mid-latitudes that occurs further parcel sizes. when ozone-poor air from within the Antarctic vortex is Random strain in the wind field is expected to occur on all dynamically diluted into the mid-latitude stratosphere. We scales due to the interaction of wind shears in the vertical and examine here this chemical propagation of the Antarctic ozone horizontal and other turbulent processes that lead to hole.
In section 2 we present the model for strain and diffusion, showing examples for an inert tracer. In section 3 we document the photochemical model, give examples of the evolution of perturbed chemistries within an isolated air parcel, and examine the chemical interface that develops between perturbed and ambient air. In section 4 we summarize our results and discuss the implications for widespread ozone loss due to the propagation of perturbed chemistry associated with the winter polar stratosphere.
MODEL FOR STRAIN AND DIFFUSION
Within a fluid an arbitrarily defined volume, such as a parcel of air molecules in the atmosphere, is subjected to the effects of at least two dynamical processes on vastly differing scales: the almost random straining or stretching of the fluid voltune due to bulk motions, and true mixing with the neighboring fluid due to diffusive processes such as molecular diffusion [Batchelor, 1959; Kraichnan, 1974] . We have created a one-dimensional model that combines these two processes and is easily integrable into our photochemical model.
Random Strain
Wind shear is an elementary notion from fluid dynamics. If there is a velocity gradient in the wind field, then any initial structure in the atmosphere will be stretched out in a direction perpendicular to the gradient. The shorter dimensions of the structure will decay inversely with time. However, wind fields in the atmosphere are not static; the direction and amplitude of winds are constantly changing on all spatial scales. irreversible deformation and thinning of air parcels (e.g., twodimensional turbulence on isentropic surfaces [Mclntyre, 1988; Juckes and Mclntyre, 1987] ). From numerical models [Juckes and Mcintyre, 1987] , the e-folding time for decay of the smallest dimension of air parcels (i.e., l/S) is found to be less than a few days in the lower stratosphere; however, this model is two dimensional and does not resolve the vertical.
In this paper we adopt the value, S = 10 -5 s -•, for most calculations.
A compact parcel of air, defined, for example, by high concentrations of a passive tracer, will be stretched out into a convoluted ribbon-like structure [Batchelor, 1952; Welander, 
The mass of air associated with a given grid point, however, remains constant since the area perpendicular to the grid must increase proportionally. The integrated effects of chemistry or diffusion over the entire volume (parcel plus ambient) can be calculated using equal weighting for the grid points over all times.
Molecular Diffusion
The strain model presented above is dimensionless and becomes interesting only when physical processes of a given 
Combined Strain-Diffusion Model
Strain is the most important process acting on a chemically perturbed air parcel until the smallest dimension thins sufficiently so that molecular diffusion becomes dominant. In our calculations the process of mixing passes from a straindominated regime to a diffusion-dominated regime. While diffusion occurs continuously across the interface between two air parcels, the random strain sharpens the gradients that have been smoothed by molecular diffusion, nullifying its effects. We present here results from the combined strain-diffusion model for the mixing of an air parcel containing elevated concentrations of a passive tracer. computed over consecutive diurnal cycles, or a parallel series An obvious consequence of the random strain model is that of diurnal calculations can be used to force a photochemical one might expect to observe air parcels of different sizes at a steady state such that the diurnal cycle of each species repeats frequency inversely proportional to their minimum dimension, from day to day. HO2NO2 a, C1ONO2 a, BrONO2 a  HC1, C1, C12, C10, HOC1 Ozone depletion associated with the transport of chemically perturbed air from the Antarctic to mid-latitudes will not be strongly influenced by the parcel's path (i.e., its history of latitudes and altitudes). When a parcel remains at 65øS (instead of 45øS as shown above), the perturbations to C10 take longer to decay, the colder temperatures increase loss from the dimer cycle, and thus ozone loss relative to the control at this latitude is about 10% greater after 10 days. Similarly, when the parcel evolves at lower altitudes, chemical recovery is slower and ozone loss is once again slightly greater. At higher altitudes, such as 24 km, photochemical recovery of NO x is more rapid, C10 concentrations decrease correspondingly, and the relative ozone depletion is about 2/3 of that at 20 km. Dynamical considerations may overshadow side by the erosion of C10 within the parcel. These effects occur, as discussed below, but are greatly suppressed by the action of atmospheric strain that continuously compresses the diffusion boundary.
The observable signatures of this chemical interface are shown in Figures 6-8 for cases 1-3 . The abundance of NOy, a conservative tracer here, maintains a sharp gradient (cases 2 and 3) until day 6 when diffusive mixing across the interface is first apparent; spatial sumcmre disappears by day 12.
Chemically active species evolve in isolation (as per Figure 4 ) until day 6; observable changes in the parcel during the early period are driven predominantly by chemistry. Thereafter the chemical front becomes identifiable. Diffusive mixing dominates after day 8, and the concentrations evolve rapidly as the parcel is finally dispersed into the ambient air. Certain species exhibit unique, nonlinear behavior at the these small differences in chemical evolution since, for diffusive interface in cases 2 and 3. Both C1ONO 2 (case 2) example, parcels remaining near the edge of the polar vortex and BrO (cases 2 and 3) show a sharp peak in concentration (65øS) will experience much greater wind shear and possibly at the boundary, visible only about days 6-8, when both be mixed more rapidly. diffusion and chemistry are active at the interface. For
Chemical Fronts
The chemistry-strain-diffusion model combines strain and diffusion (equations (2) and (4) The calculations are set up in one dimension across the minimum thickness of the parcel, presumably the vertical dimension at the start. The one-dimensional grid is initialized with a parcel of heterogeneously processed polar air occupying 5 boxes at one end of the grid (effectively "doubled" to 9 boxes by the mirroring of the zero-flux boundary conditions) and with ambient mid-latitude air in the remaining 45 boxes.
The parcel is followed from the initial size (10 3 m per grid box) until the mixing is complete (<1 m per grid box).
Through the choice of boundary conditions and initial partitioning, the modeled domain maintains an average composition that is equivalent to an 89-to-9 mix of ambient-toperturbed air. The initial, kilometer-thick layer would have significant gradients from top to bottom in photolysis rates and chemical composition; however, we focus here on the evolution and mixing of that air originating and remaining near 20 km (i.e., no substantial diabatic heating) and calculate the entire chemical evolution of the parcel for conditions at that altitude.
One expects to see a complex chemistry develop at the boundary between the ambient air and the polar air. High levels of C10 diffusing outward from the chemically perturbed polar air parcel should encounter ambient levels of NO 2 and C1ONO 2, this peak can be a factor of 2 greater than the abundances on either side. The buildup of C1ONO 2 and BrO at the interface is temporary; the excess is returned to other reservoir species when the parcel finally disperses. Tables 2 and 3 as negative Fundamentally, the heterogeneous chemistry in the winter stratosphere is necessary to initialize perturbations to stratospheric chemistry, but denitrification or corresponding increases in atmospheric chlorine that result in greater abundances of chlorine than odd nitrogen are necessary for extensive and sustained global effects outside of the Antarctic ozone hole.
